Vigna unguiculata protein concentrate was enzymatically hydrolyzed with Alcalase ® and Flavourzyme ® and the resulting hydrolysates, with the highest respective degrees of hydrolysis, functional, and nutritional properties, were evaluated. Hydrolysis was conducted for 5, 10, 15, and 60 min. Degree of hydrolysis values increased from 10.56 and 3.26%,  respectively, at 5 min to 23.61 and 7.27%, respectively, at 60 
INTRODUCTION
Animal proteins, such as meat, milk, and eggs, are generally expensive and relatively difficult to acquire, which has led to a worldwide increase in research into vegetable protein sources. Because of their very high protein content, legumes have formed an important focus of this search for cheaper, alternative protein sources. [1] As occurs in many tropical regions, a wide variety of legume crops, including cowpea Vigna unguiculata, are grown on the Yucatan Peninsula, Mexico. Cowpea seeds are an excellent carbohydrate (50-60 g/100 g) and protein (18-35 g/100 g) source, making it a promising, non-conventional alternative source for these nutrients. [2] Incorporation of cowpea seed flour into most foods raises protein content, although the advantages of this supplementation are often limited by the presence of restricting antinutritional factors, such as phytic acid, protease inhibitors, and flatulence-causing sugars. [3] In response, researchers have turned their attention to the use of legume seed protein concentrates and hydrolysates, rather than flours, since they have superior functional properties and are free of toxic factors and indigestible carbohydrates. [4] Hydrolyzed proteins may, therefore, prove beneficial suspension stirred for 1 h at 400 rpm with a homogenizer (Heidolph, Silent Crusher RZ-1, Schwabach, Germany). The suspension was then poured through 80-mesh (0.19 mm pore size) and 100-mesh (0.14 mm pore size) screens to separate the solid fraction (fiber) from the liquid fraction (protein and starch). Residual solids were washed five times at a 1:1 solid to distilled water ratio. The wash water was mixed with the supernatants from the initial suspension and allowed to sediment for 30 min to recover the starch and separate the solubilized protein. Solubilized protein pH was adjusted to its isoelectric point (4.5) with HCl 1N, and the suspension centrifuged at 1317× g for 12 min with a Mistral 3000i (Curtin Matheson Sci., Houston, TX, USA) centrifuge. The supernatants were discarded and the precipitates freeze-dried at −47 • C and 13 × 10 −3 mbar.
Enzymatic Hydrolysis
Enzymatic hydrolysis was done according to Hamada et al., [15] using a random block design. The blocks were the enzymes (Alcalase ® or Flavourzyme ® ), the factor to evaluate was reaction time (5, 15, 30 , and 60 min), and the response variable was degree of hydrolysis. The protein concentrate (5 g) was dispersed in 250 mL of deionized water, pH adjusted to 8 with NaOH 1N, and 25 mg of enzyme added. The reaction was run at 50 • C with constant stirring for 1 h; 25 mL samples were taken at 5, 15, 30, and 60 min to measure degree of hydrolysis. The hydrolysis reactions were run in a beaker equipped with a stirrer, thermometer, and pH electrode, and stopped by heating to 85 • C for 15 min. The dissolved protein was centrifuged at 10,000 rpm for 20 min to extract the soluble fraction.
Degree of Hydrolysis
Degree of hydrolysis (% DH) was determined using the method of Kim et al. [16] in which the value is estimated by measuring soluble nitrogen content in 10% trichloroacetic acid (TCA). A 10-mL sample of hydrolysate was mixed with 10 mL of 20% TCA and centrifuged at 12,100 g for 15 min. Soluble nitrogen in the supernatant was assayed by the Kjeldahl method, [17] and percent DH was expressed as: % DH = (10% TCA solude N/Total N) * 100.
Solubility, Hydrophobicity, and In Vivo Digestibility
The Alcalase ® (AH) and Flavourzyme ® (FH) hydrolysates exhibiting the highest DH on the curve (i.e., those produced at 60 min reaction time) were selected to evaluate solubility, hydrophobicity, and in vivo digestibility, as well as for electrophoretic characterization. Nitrogen solubility was determined by the method of Were et al. [18] Either AH, FH, or protein concentrate (0.5%) was dispersed in 25 mL of deionized water and adjusted to pH 2.0, 4.0, 6.0, 8.0, or 10.0 with either 0.01 or 1.0 N NaOH or HCl. The dispersions were shaken for 30 min at room temperature and centrifuged at 43,503 g for 30 min. Nitrogen content in the supernatant was determined by the Kjeldahl method, [17] and the percent soluble protein was calculated as: Solubility (%) = (Amount of nitrogen in supernatant/ Amount of nitrogen in sample) * 100.
Surface hydrophobicity was measured with a hydrophobic fluorescence probe method using 1-anilino-8-naphthalene sulfonate (ANS). [19] Protein hydrolysate samples at concentrations of 0.0, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5% were prepared by serial dilution with 0.1 M phosphate buffer (pH 7), and 25 µL ANS (8 mM in 0.1 M phosphate buffer) added to these protein solutions. The fluorescence intensities of ANS-protein conjugates were measured using a Perkin-Elmer 2000 fluorometer (Perkin-Elmer Corp., Norwalk, CT, USA) at a 364-nm excitation wavelength and 484-nm emission. Fluorescence intensity slope vs. percent protein concentration was calculated by linear regression, and this was the figure used as the protein surface hydrophobicity index.
Electrophoretic Characterization
Sodium dodecyl sulphate polyacrylamide gel electrophoresis of protein hydrolysates was performed following the method of Schägger and Jagow. [20] All gels were run in a Mini- PROTEAN 
In Vivo Digestibility
To evaluate in vivo digestibility, diets were prepared containing casein, Alcalase ® hydrolysate, and Flavourzyme ® hydrolysate (Table 1) , and tested according to Calderón de la Barca et al. [21] Experimental animals were 24 male Sprague Dawley rats of 24 or 31 days of age housed in individual cages and kept at 25 • C, a 12 h:12 h light-dark cycle, and 50-65% relative humidity. The animals were acclimated for 7 days with ad libitum access to the casein diet, then randomly assigned to one of the three diets (three groups of six rats each). Animal weight and protein ingested and excreted (in feces) were measured daily in order to calculate apparent digestibility (AD) (22) :
Statistical Analysis
Degree of hydrolysis results were analyzed in triplicate using a two-way analysis of variance (ANOVA) with random blocks and a least significant difference (LSD) test. A student t analysis was used to identify differences in hydrolysate solubility. A one-way ANOVA was applied to evaluate in vivo digestibility and a LSD test to identify differences between treatments, according to Montgomery. [23] All statistical analyses were done with the Statgraphics plus version 5.1 software (Statpoint Technologies Inc., Warrenton, VA, USA).
RESULTS AND DISCUSSION

Enzymatic Hydrolysis
Hydrolysis reaction progress was monitored by measuring the TCA index as estimation of the degree of hydrolysis ( Fig. 1 ). This differed (P < 0.05) depending on the enzyme used (i.e., Alcalase ® [endoprotease] or Flavourzyme ® [protease complex]) and reaction time. The hydrolysis curves for Alcalase ® and Flavourzyme ® exhibited behavior characteristic of enzyme/protein systems, which can be linked to saturation and/or inhibition phenomena in the substrate or product. [24] Initial DH values were 10.55% for AH and 3.25% for FH. Hydrolysis with Alcalase ® preceded quickly during the first 5 min and increased steadily thereafter, reaching 23.6% DH at 60 min. Flavourzyme ® , in contrast, produced only minimal increases in DH values, with a value of 7.27% at 60 min. Hydrolysis with Flavourzyme ® was clearly not as extensive as with Alcalase ® . The DHs observed in the present study were lower than those reported for other vegetable protein sources. Using the same enzymes with sunflower proteins and a reaction time of 180 min, Villanueva et al. [25] reported DH values ranging from 34.7 to 42.2%. Vioque et al. [26] reported a DH of 60% using a mixture of Alcalase ® and Flavourzyme ® to digest rapeseed protein for 180 min. When hydrolyzing chickpea protein sequentially with Alcalase ® and Flavourzyme ® for 150 min, Pedroche et al. [27] recorded a DH of 65%, while Hong et al. [28] observed a 22% DH after hydrolyzing mung bean (Phaseolus vulgaris L.) protein concentrate with Alcalase ® for 10 h. However, the present results are similar to those reported by Betancur-Ancona et al. [29] after hydrolyzation of P. lunatus protein with Alcalase ® or Flavourzyme ® for 5, 10, 15, and 60 min. In that study, Alcalase ® hydrolysis produced a DH of 11% at 5 min, was asymptotic after 10 min, and reached a maximum of 16.9% at 60 min; in other words, the enzymatic preparation produced a rapid initial reaction and then increased only gradually. Hydrolysis with Flavourzyme ® was even less effective since it reached 2.8% DH at 5 min and only 7.7% DH at 60 min. A similar behavior was reported by Wasswa et al. [30] after hydrolyzation of Nile perch, Grass carp, and Nile tilaphia with Alcalase ® for 85 min and to observe that all curves exhibited an initial fast reaction followed by a slowdown.
Functional and nutritional characterizations were done using the V. unguiculata protein hydrolysates produced at 60 min reaction time with Alcalase ® (AH) and Flavourzyme ® (FH) because they exhibited the highest DH, estimated by measuring soluble nitrogen content in 10% TCA.
Nitrogen Solubility, Hydrophobicity, and In Vivo Digestibility
Solubility is the most important functional property of a protein since much of its functional behavior depends on its capacity to initially enter into solution. Comparison of the nitrogen solubility profiles for the AH and FH showed them to be enzyme-and pH-dependent (P < 0.05), with ranges of 29.05 to 34.35% (AH) and 27.18 to 93.67% (FH) (Fig. 2) . Solubility values were higher, and variation among them was much more pronounced and pH-dependent in the FH than in the AH. The highest nitrogen solubility was observed with the FH (93.67%) at pH 8, which was different (p < 0.05) than values for AH (34.36%) and the protein concentrate (45.13%). At pH values near the isoelectric point (pH 4-6), enzymatic hydrolysis with Alcalase ® and Flavourzyme ® raised nitrogen solubility of the protein concentrate. At acid and alkaline pH values, the FH exhibited much higher solubility, producing a typical "V" pattern, whereas the AH exhibited no significant changes in solubility over the tested pH spectrum. This stark contrast in solubility profile between the hydrolysates was caused by the much higher DH in the AH, which generated new peptides with electrical charges differing from those of the unhydrolyzed protein. Similar behavior has been reported in sunflower protein concentrate hydrolysates, where solubility is independent of pH at extensive DHs but pH-dependent at low DHs. [31] A different pattern in solubility profiles has been reported for P. lunatus protein hydrolysates in which nitrogen solubility was highest and dependent of pH at extensive DHs (11.8-16 .1% with Alcalase ® ) but lowest and pH-independent at low DHs (2.8 and 6.3% with Flavourzyme ® ). [29] Solubility changes in the protein hydrolysates compared to the protein concentrate may have been caused by a reduction in molecular weight of the enzymatically modified proteins. The increased solubility observed in the FH would, therefore, be due to the smaller peptides generated by hydrolysis with this protease complex, and to exposure of their hydrophilic groups, which would increase interactions between the hydrophilic amino acids and water molecules. [32] This property makes the cowpea FH potentially useful in applications requiring high solubility profiles to impart certain characteristics to a food formulation; for instance, baby food, baked products, carbonated drinks, diet drinks, and desserts. [1] The AH (23.61% DH) had a substantially lower surface hydrophobicity (S o = 30.18) than the FH (7.27% DH) (S o = 291.52), probably because Flavourzyme ® breaks the protein in very different ways and at different sites than Alcalase ® . Flavourzyme ® also produces more peptides with low aromatic amino acids contents, [33] which would create hydrophobic areas and lead to higher hydrophilic amino acids content. Similar results have been reported in P. lunatus protein hydrolysates produced with Alcalase ® and Flavourzyme ® at 5 or 15 min. So, the Flavourzyme ® -prepared hydrolysates were higher than in the Alalase ® -prepared hydrolysates, which increased from 382 (5 min; 2.8% DH) to 655 (15 min, 6.3% DH) and from 251 (5 min; 11.8% DH) to 279 (15 min, 16.1% DH), respectively. [29] Hydrolysis of V. unguiculata with Alcalase ® or Flavourzyme ® unfolded the protein molecule, although the extent of unfolding was probably greater with Flavourzyme ® , resulting in different surface hydrophobicities. The higher S o in the FH was also at least partially caused by greater flexibility in the modified molecules resulting in increased exposure of hydrophobic groups to the probe. This coincides with higher hydrophobicity (S o = 40) reported in soy protein concentrate hydrolyzed with papain. [18] Hettiarachchy and Kalapathy [32] also observed increased hydrophobicity in a soy protein hydrolysate and concluded this behavior was probably due to exposure of the hydrophobic groups caused by unfolding of the protein. Hydrophobic groups are generally buried inside the core of native proteins' folded structure. Partial enzymatic hydrolysis would expose some of the hydrophobic groups, increasing hydrophobicity. This increase in hydrophobic groups could facilitate interactions between them and oils.
Peptide hydrophobicity produced by enzymatic hydrolysis is an important factor in enhancing protein surface properties, and high surface hydrophobicity can contribute to enhanced foaming capacity since foamability is associated with high surface hydrophobicity. [34] The high surface hydrophobicity of the FH compared to the AH could provide better foaming properties because unfolding of the protein molecule exposes the hydrophobic groups, potentially increasing interactions at the air/water interface.
Electrophoretic Characterization
Electrophoresis showed the unhydrolyzed protein concentrate to have a complex protein profile characterized by seven bands between 21 and 103 kDa and one below 20.7 (Fig. 3) . The AH exhibited six bands with molecular weights between 21 and 60 kDa and two bands below 20.7 kDa, while the FH exhibited four bands between 22 and 60 kDa and one below 20.7 kDa. The greater number of low molecular weight bands in the AH suggests that hydrolysis was extensive (23.61% DH), consequently producing small peptides. This agrees with reports that protein hydrolysis produces low molecular weight peptides [35] and that this is associated with enzyme specificity on specific substrates. [7] Given this, the lower number of electrophoretic bands in the FH was caused by its lower DH (7.27%), and was probably due to the globular structure of its globulins, the principal protein in legumes and a limiting factor for action with a single proteolytic enzyme. At this respect, Clemente et al. [36] suggest the use of a sequential hydrolysis with an endoprotease and an exoprotease to solve this problem. The cleavage of peptide bonds by the endopeptidase Alcalase ® increases the number of end peptide sites for the action of the exoprotease Flavourzyme ® .
In Vivo Digestibility
Apparent digestibility (AD) of the diets containing the AH (99.79%), FH (99.78%), and casein (99.87%) were not statistically different (P < 0.05) ( Table 2 ). These values are higher than reported for rice (84-87%), sunflower (78%), corn (83-84%), sesame (78.9%), soybean (91-94.4%), and wheat (75-89.6%). Both hydrolysates clearly had very good nutritional quality in that they were almost completely digested and absorbed; this is a significant property because AD is an essential parameter in evaluating ingredient quality. These hydrolysates' high AD values provide them potential uses in improving protein nutritional qualities in nutritional supplements and medical diets.
CONCLUSIONS
Enzymatic hydrolysis of V. unguiculata protein concentrate for 60 min with Alcalase ® produced a hydrolysate with a higher DH than when hydrolyzed with Flavourzyme ® for the same reaction time. Both hydrolysates exhibited improved solubility at pH values near the isoelectric point, although the Flavourzyme ® hydrolysate had the highest nitrogen solubility at acid and alkaline pHs, and the highest surface hydrophobicity. Electrophoresis showed the Alcalase ® hydrolysate to have a large number of low molecular weight bands, indicating that hydrolysis was more extensive with this endoprotease. Apparent digestibility of diets containing the Alcalase ® or Flavourzyme ® hydrolysates showed them to be almost completely digested and absorbed, meaning they are of good nutritional quality. Enzymatic modification of a V. unguiculata protein concentrate with Alcalase ® or Flavourzyme ® substantially improves its potential functionality, providing possible applications as an additive in nutritional supplements and medical diets. 
